Low birth weight is associated with increased risk of cardiovascular disease and type 2 diabetes in later life. The fetal insulin hypothesis suggests that shared genetic factors partly explain this association. If fetal genes predispose to both low birth weight and cardiovascular disease in adulthood, fathers of offspring with low birth weight should display an unfavorable profile of cardiovascular risk factors. To study this, the authors linked data on more than 14,000 parents, collected from the second Health Study of Nord Trøndelag County, Norway (HUNT 2, 1995(HUNT 2, -1997, to offspring data from the Norwegian Medical Birth Registry . Linear regression was used to study associations of offspring birth weight for gestational age with the parents' body mass index, waist circumference, blood pressure, glucose, and serum lipids. All analyses were adjusted for shared environment by means of the socioeconomic measures, lifestyle, and cardiovascular risk factors of the partner. The authors found that low offspring birth weight for gestational age was associated with increased paternal blood pressure, body mass index, waist circumference, and unfavorable levels of glucose and lipids. For mothers, associations similar to those for fathers were found for blood pressure, whereas associations in the opposite direction were found for glucose, lipids, and body mass index. The paternal findings strengthen the genetic hypothesis. cardiovascular risk factors; fetal insulin hypothesis; offspring birth weight; paternal genes Abbreviations: CI, confidence interval; HDL, high density lipoprotein; HUNT 2, the second Health Study of Nord-Trøndelag County, Norway, carried out in 1995-1997; OR, odds ratio.
Low birth weight is associated with an increased risk of adult cardiovascular disease and type 2 diabetes mellitus (1) (2) (3) (4) . The underlying causes are uncertain, but 2 prevailing hypotheses have been suggested. According to a hypothesis proposed by Barker (5) , metabolic and physiologic alterations in utero may program increased risk of later disease, whereas the fetal insulin hypothesis proposes that shared genetic variants inherited by the fetus may both affect intrauterine fetal growth and predispose to adult disease (6) .
Several studies have assessed whether shared family factors (genetic or environmental) may explain the association of restricted fetal growth with increased risk for adult disease. For cardiovascular diseases, most investigators have found that shared environmental factors within families play a modest role, but the importance of shared genetic factors is not yet resolved (7) (8) (9) (10) . For type 2 diabetes, the fetal insulin hypothesis has gained support from observational studies indicating that low birth weight and type 2 diabetes share some genetic determinants (11) (12) (13) (14) , and genome-wide association studies have shown that certain genetic variants are associated with both low birth weight and type 2 diabetes (15, 16) .
The aim of this study was to investigate the association of offspring birth weight with parental risk of cardiovascular disease. The fetal insulin hypothesis proposes that, if fetal genes predispose to both low birth weight and increased risk of cardiovascular disease, offspring and parents should share these susceptibility genes (6, 17) . Fathers can influence fetal growth only directly through paternal genes inherited by the fetus, whereas mothers in addition contribute directly through the intrauterine environment, particularly her blood glucose concentration. Thus, associations of low birth weight with risks among fathers will strengthen the genetic hypothesis, whereas associations among mothers may reflect the influences of fetal genes and/or the fetal intrauterine environment.
In this population-based study of more than 14,000 Norwegian family units (mother, father, and offspring), we have assessed whether offspring birth weight for gestational age is associated with established cardiovascular risk factors in both of the parents.
MATERIALS AND METHODS
We linked offspring data recorded at the Medical Birth Registry of Norway to parental data on cardiovascular risk factors. Offspring data were selected from 1967 to 2005, and parental data were collected as part of a large population study-the second Health Study of Nord-Trøndelag County, Norway, carried out in 1995-1997 (HUNT 2). Only 1 offspring per parents was included in the analyses, and the birth took place either prior to or after measurement of the cardiovascular risk factors of the parents. The purpose of the study was to assess whether offspring birth size is associated with the parents' cardiovascular risk factors.
Study population
Among 19,507 men and 17,425 women who participated in HUNT 2, 15,469 pairs were registered as parents of at least 1 offspring recorded in the Medical Birth Registry and with a gestational age of more than 22 weeks or a birth weight above 500 g. The analyses were restricted to the first available singleton birth of the parents.
Among these 15,469 family units, 1,390 were excluded from analyses because of the following reasons: multiple births (n ¼ 186), unrealistic data on paternal age and age older than 75 years at participation in HUNT 2 (n ¼ 115), missing data on gestational age at birth (n ¼ 716), missing data on paternal and maternal cardiovascular risk factors (n ¼ 265), and missing data on time since last meal (n ¼ 108). This left 14,079 family units to be included in the analyses.
The Medical Birth Registry of Norway For each birth in Norway, a compulsory form is filled in by the midwife or physician at the obstetric ward, and the notification is sent to the Medical Birth Registry of Norway within a week after delivery. The information includes demographic variables, maternal health before and during pregnancy, complications during pregnancy and delivery, and health status of the newborn. Until 1998, gestational age at delivery was determined by the date of the last menstrual period, and since then it has mainly been determined by ultrasound examination in the second trimester. We calculated z-scores of birth weight for sex and gestational age by using standards estimated from births registered in the Medical Birth Registry (18) .
Diagnoses of preeclampsia and prepregnancy maternal diseases (chronic hypertension and diabetes mellitus) were based upon the woman's medical record. The clinical criteria for the diagnosis of preeclampsia were in accordance with the recommendations of the American College of Obstetricians and Gynecologists (19) . HUNT 2 (1995 HUNT 2 ( -1997 All adults aged 20 years or older in Nord Trøndelag County, Norway, were invited to participate in the second wave of the Health Study of Nord Trøndelag County (HUNT 2) that has been described in detail previously (20) . Briefly, information was collected from self-administered questionnaires, physical examinations, and blood samples. As cardiovascular disease-related endpoints, measurements of height, weight, waist circumference, blood pressure, and nonfasting levels of total serum cholesterol, high density lipoprotein (HDL) cholesterol, triglycerides, and glucose were included.
The clinical examination was performed by specially trained staff (20) . Blood pressure was measured by a Dinamap 845 XT oscillometer (Critikon, Tampa, Florida), and measurements were repeated 3 times with 1-minute intervals. The mean of the second and third measurements was recorded. Cuff size was adjusted to arm circumference.
Nonfasting blood sampling was done, and serum lipids were analyzed on a Hitachi 911 Autoanalyzer (Hitachi, Mito, Japan) with reagents from Boehringer Mannheim (Mannheim, Germany). Total cholesterol and HDL cholesterol were measured by an enzymatic colorimetric cholesterolase method, and HDL cholesterol was measured after precipitation with phosphor tungsten and magnesium ions. Triglycerides were also measured with an enzymatic colorimetric method, and glucose was measured by an enzymatic hexokinase method.
Waist circumference was measured horizontally at the height of the umbilicus, and body mass index was calculated as weight (kg)/height (m) 2 . Information on smoking status, alcohol consumption, education, socioeconomic position, prevalent diabetes mellitus (not known whether type 1 or 2 diabetes), and use of antihypertensive medication was collected by self-administered questionnaires.
Statistical methods
We used Pearson's correlation coefficients to assess correlations among the parents' cardiovascular risk factors, that is, body mass index, blood pressure, glucose, lipids, and height.
In separate analyses for mothers and fathers, linear regression analyses were used to study associations of offspring birth weight for gestational age with mean level of parental systolic and diastolic blood pressure, body mass index, waist circumference, and nonfasting concentrations of glucose, triglycerides, total serum cholesterol, and HDL cholesterol. Offspring birth weight for gestational age was grouped in percentiles ( 2.5, 2.51-25, 25.1-50, 50.1-75, 75.1-97.5, and >97.5).
The analyses were performed in 4 steps. First, analyses of each parent were adjusted for the parent's own age at enrollment in HUNT 2. Second, analyses of each parent were adjusted for the parent's own and for the other parent's smoking status (never/former/current), educational level (<10 years/ 10-12 years/>12 years), socioeconomic position (employed/student/housewife vs. unemployed/receiving Social Security benefits), alcohol habits (never/1-3 times per month/more than 4 times per month/abusive conduct), and height (continuous), age at delivery (continuous), and maternal parity (0, 1, 2 or more previous births). In the third model, analyses of each parent were additionally adjusted for the other parent's cardiovascular risk factors: Analyses for mothers were adjusted for paternal body mass index, blood pressure, glucose, serum lipids, prevalent paternal diabetes mellitus, and prevalent hypertension (assessed in HUNT 2), and analyses for fathers were adjusted for maternal body mass index, blood pressure, glucose, lipids, diabetes mellitus, and hypertension (assessed in HUNT 2), as well as for pregestational maternal diabetes mellitus, pregestational chronic hypertension, and preeclampsia in the index pregnancy (assessed in the Medical Birth Registry). Models 2 and 3 were performed to investigate whether environmental factors likely to be shared by the parents could underlie some of the associations. Fourth, for each parent, we also adjusted for the parent's own body mass index assessed in HUNT 2, to evaluate whether some of the effect could be mediated through body mass index.
To evaluate these model approaches, we separately tested whether established associations (parental smoking and fetal growth, parental height and fetal growth) were confounded by the environmental factors likely to be shared by the parents.
We tested the associations for linear trend using birth weight standardized for sex and gestational age (z) as a continuous variable, and we tested for curvilinear trends using the square of the birth weight standardized for sex and gestational age (z 2 ). Stata for Windows, version 10.0, statistical software (StataCorp LP, College Station, Texas) was used for all statistical analyses. The study was approved by the Norwegian Data Inspectorate, the Norwegian Board of Health, and by the regional committee for medical research ethics.
RESULTS
Pregnancy and offspring characteristics are given in Table 1 , and a description of the 14,079 parents who participated in HUNT 2 is available in Web Table 1 , posted on the Journal's Web site (http://aje.oxfordjournals.org/).
The substantial correlations between paternal and maternal cardiovascular risk factors are summarized in Table 2,  and Tables 3-6 show means of body mass index, blood pressure, glucose, and serum triglycerides in mothers and fathers, according to percentiles of the offspring birth weight for gestational age.
In age-adjusted analyses, offspring birth weight for gestational age was positively associated with maternal body mass index (Table 3) , and the association persisted after additional adjustments for parity, maternal and paternal smoking status, alcohol consumption, educational level, socioeconomic position, age at delivery, height, and paternal cardiovascular risk factors (body mass index, levels of glucose and lipids and prevalence of paternal diabetes mellitus and hypertension at HUNT 2). Among fathers, the corresponding positive association with body mass index was weaker, and the curve appeared J-shaped with higher paternal body mass index at the lower as well as higher end of the offspring birth weight distribution. Adjustment for cardiovascular risk factors of the mother slightly attenuated the association between high offspring birth weight and higher levels of paternal body mass index. For both parents, corresponding results for waist circumference were similar to those for body mass index (data not shown).
Birth weight for gestational age displayed a U-shaped association with maternal systolic blood pressure, with higher systolic blood pressure at both ends of the offspring birth weight distribution (Table 4) . These associations persisted after adjustment for parental socioeconomic and lifestyle factors, but the association with high offspring birth weight was substantially attenuated after adjustment for maternal body mass index, whereas the association with low birth weight was strengthened. Low offspring birth weight was also associated with increased paternal systolic blood pressure and, after adjustment for parental lifestyle factors and maternal cardiovascular risk factors, the association was strengthened. Thus, the fully adjusted analyses showed that low offspring birth weight was associated with increased systolic blood pressure in both parents. The corresponding results for diastolic blood pressure were similar to those for systolic pressure for both parents (data not shown).
In relation to glucose (Table 5) , offspring birth weight was positively associated with maternal glucose but negatively associated with paternal glucose levels, and these associations persisted in the adjusted analyses.
As for glucose, the association of offspring birth weight with serum triglycerides was positively associated with maternal triglycerides and negatively associated with paternal triglycerides (Table 6 ). However, the maternal associations were strongly attenuated after adjustment for maternal body mass index, and the curve became more U-shaped. We observed similar, but weaker associations for serum cholesterol and for unfavorable levels of HDL cholesterol (data not shown).
To evaluate whether the models that we used were able to account for environmental factors shared by the parents, we assessed our data with respect to the well-known associations of offspring birth weight with parental smoking and parental height. As expected, low birth weight was associated with maternal (odds ratio (OR) ¼ 1.9, 95% confidence interval (CI): 1.5, 2) and paternal (OR ¼ 1.2, 95% CI: 1.0, 1.6) smoking, but the paternal association was fully attenuated after adjustment for maternal smoking (OR ¼ 1.0, 95% CI: 0.8, 1.3). We found positive associations of offspring birth weight with both maternal and paternal height, and in contrast to the associations with smoking, associations with height persisted for both mothers and fathers after adjustment for potential confounding factors likely to be shared by the parents (data not shown).
DISCUSSION
The aim of this study was to assess whether offspring birth weight is associated with parental cardiovascular risk factors. As predicted by the fetal insulin hypothesis, paternal associations may indicate a genetic effect, whereas maternal associations additionally reflect effects of the intrauterine environment, in particular, the supply of glucose to the fetus. We found that low offspring birth weight was associated with increased cardiovascular risk among fathers, such as increased paternal blood pressure, higher body mass index, and unfavorable levels of serum glucose and lipids. Among mothers, low offspring birth weight was associated with increased blood pressure, whereas high offspring birth weight was associated with unfavorable levels of maternal body mass index, serum glucose, and lipids.
For the mothers, the findings in this study are generally in line with those of previous studies (21) (22) (23) (24) (25) . Paternal associations of offspring birth weight with cardiovascular risk factors have not been investigated to the same degree as for mothers, and several studies have been limited by low statistical power. Our finding that low offspring birth weight was associated with high glucose levels among fathers is consistent with the findings of several intergenerational studies reporting associations between low offspring birth weight and increased concentration of paternal blood glucose, increased prevalence of paternal insulin resistance, and increased prevalence of paternal type 2 diabetes (11, 12, 14, 26) . Moreover, a recent prospective study among 2,002 offspring and their parents found that offspring born small for gestational age were associated with paternal obesity and, from a casecontrol study, it was reported that fathers of 286 small-forgestational-age children had higher body mass index and higher levels of fasting glucose than their matched controls (25, 27) . However, 2 other studies found no association of low offspring birth weight with paternal body mass index or paternal blood lipids (14, 28) . Several intergenerational studies have reported increased mortality from cardiovascular disease among fathers of offspring with low birth weight (8, 29, 30) . However, a later meta-analysis of the published results suggested that the paternal associations could be due to residual confounding by environmental factors shared with the mother, since the pooled estimates revealed that the association of offspring birth weight with cardiovascular death among fathers was substantially weaker than that among mothers (8) . Importantly, and in contrast to previous intergenerational studies with lower power, the current study revealed an association of low offspring birth weight with increased paternal systolic and diastolic blood pressure (14, 25, 27) .
The large study size, high attendance, and standardized endpoint measurements in HUNT 2 are obvious strengths of (31) . Therefore, selection of offspring is not likely to be a problem for the study. Also, information on births was recorded in conjunction with delivery, which precludes recall bias in relation to parental endpoints. Information on paternity is based on parental self-reports and could be a source of misclassification; however, false paternity is estimated to be low (32) . The nonfasting measurements of glucose and serum lipids could be a potential limitation of the study. However, adjustment for time since last meal did not substantially influence the estimated associations. Also, it was recently suggested that nonfasting and fasting lipids yield similar results in relation to vascular disease (33) . Nonetheless, any bias is likely to be nondifferential, most likely resulting in underestimates of the associations.
In several previous studies of paternal effects, adjustment for maternal factors that could reflect shared environment has been insufficient. We had access to maternal data that allowed us to adjust and compare findings for mothers and fathers within the same population over the same time period. We also assessed the validity of our approach by analyzing the well-documented associations of birth weight with parental smoking (paternal genes not involved) and birth weight and parental height (paternal genes involved). Our results confirmed those of previous studies, suggesting that the modeling approach of this study yields valid findings.
The associations of offspring birth weight with paternal cardiovascular risk factors could be caused by either environmental factors shared by the parents or genes shared by the father and offspring. We found that the inverse paternal associations of offspring birth weight with unfavorable levels of cardiovascular risk factors persisted after adjustment for environmental factors within the family, suggesting that For mothers: additionally adjusted for parity and maternal and paternal smoking status, educational level, socioeconomic status, alcohol habits, height, and age at delivery. For fathers: additionally adjusted for parity and maternal and paternal smoking status, educational level, socioeconomic status, alcohol habits, height, and age at delivery. c For mothers: additionally adjusted for paternal levels of BMI, blood pressure, glucose and lipids, and paternal hypertensive disease and diabetes mellitus (assessed in HUNT 2). For fathers: additionally adjusted for maternal levels of BMI, blood pressure, glucose and lipids, maternal antihypertensive medication, and diabetes (assessed in HUNT 2), preeclampsia in index pregnancy, and pregestational chronic hypertension and diabetes of the mother.
d z indicates the standard deviation of the offspring's birth weight above or below the expected mean, according to sex and gestational length.
shared genes may be more important than shared environmental factors. Moreover, it is unlikely that unmeasured confounding by maternal factors could explain the paternal association of low offspring birth weight with increased blood glucose and lipids, since the maternal associations were of the opposite direction. The associations of low offspring birth weight with increased blood pressure were of similar magnitude for fathers and mothers (not stronger for the mothers), and this argues against the paternal association's merely reflecting unmeasured maternal confounding. For the mothers, underlying causes of the associations of offspring birth weight with cardiovascular risk factors could be either fetal genes shared by mother and fetus and/or factors in the intrauterine environment of the fetus, such as the mother's metabolic status during pregnancy, particularly her blood glucose concentration. The associations of high birth weight with unfavorable levels of glucose, lipids, and body mass index among mothers probably reflect the well-known positive effect of maternal hyperglycemia on fetal growth. Thus, a possible negative genetic effect on fetal growth could have been masked by an opposing and stronger intrauterine effect of abundant supply of glucose to the fetus.
The paternal findings were consistent for most of the cardiovascular risk factors and seemed independent of maternal influence, and they appear to support the fetal insulin hypothesis. The hypothesis proposes that genetic factors related to insulin resistance result in both impaired fetal growth and increased risk for insulin resistance, type 2 diabetes, hypertension, and cardiovascular disease later in life (6) . Studies have shown an independent relation between paternal insulin resistance and increased cord insulin concentrations in the offspring, which supports the notions that the offspring may inherit insulin resistance from the father and that insulin-mediated growth may be involved in the underlying mechanism (34) . For type 2 diabetes, several intergenerational studies (11, 12, 14, 26) and a large study of twins (13) corroborate the fetal insulin hypothesis, and recent genome-wide association studies have identified genetic For mothers: additionally adjusted for parity and maternal and paternal smoking status, educational level, socioeconomic status, alcohol habits, height, and age at delivery. For fathers: additionally adjusted for parity and maternal and paternal smoking status, educational level, socioeconomic status, alcohol habits, height, and age at delivery. c For mothers: additionally adjusted for paternal levels of BMI, blood pressure, glucose and lipids, and paternal hypertensive disease and diabetes mellitus (assessed in HUNT 2). For fathers: additionally adjusted for maternal levels of BMI, blood pressure, glucose and lipids, maternal antihypertensive medication, and diabetes (assessed in HUNT 2), preeclampsia in index pregnancy, and pregestational chronic hypertension and diabetes of the mother.
d For mothers: additionally adjusted for maternal BMI. For fathers: additionally adjusted for paternal BMI. e z indicates the standard deviation of the offspring's birth weight above or below the expected mean, according to sex and gestational length. ); CI, confidence interval; HUNT 2, the second Health Study of Nord-Trøndelag County, Norway, carried out in 1995-1997. a For mothers: adjustment for maternal age at HUNT 2. For fathers: adjustment for paternal age at HUNT 2. b For mothers: additionally adjusted for parity and maternal and paternal smoking status, educational level, socioeconomic status, alcohol habits, height, age at delivery, and time since last meal. For fathers: additionally adjusted for parity and maternal and paternal smoking status, educational level, socioeconomic status, alcohol habits, height, age at delivery, and time since last meal.
c For mothers: additionally adjusted for paternal levels of BMI, blood pressure, glucose and lipids, and paternal hypertensive disease and diabetes mellitus (assessed in HUNT 2). For fathers: additionally adjusted for maternal levels of BMI, blood pressure, glucose and lipids, maternal antihypertensive medication, and diabetes (assessed in HUNT 2), preeclampsia in index pregnancy, and pregestational chronic hypertension and diabetes of the mother.
d For mothers: additionally adjusted for own BMI. For fathers: additionally adjusted for own BMI. e z indicates the standard deviation of the offspring's birth weight above or below the expected mean, according to sex and gestational length.
variants that are associated with both type 2 diabetes and low birth weight (15, 16, 35, 36) . However, with respect to hypertension, the epidemiologic evidence from intergenerational studies and twin studies is conflicting (17, 37) . Thus, our findings that low offspring birth weight was associated with increased systolic and diastolic blood pressure among fathers (and mothers) might be particularly important.
The strength of the associations observed in our study is modest, and the differences between groups are small. Thus, the main importance of our results is not the clinical implications, but rather the possible contribution to a further understanding of underlying mechanisms.
In conclusion, we found that low offspring birth weight was associated with unfavorable levels of paternal cardiovascular risk factors, and the associations were independent of potential confounding factors likely to be shared with the mother. The findings suggest that genes shared by father and fetus may predispose to reduced fetal growth and increased risk for paternal insulin resistance, obesity, and hypertension. Thus, the results may support the fetal insulin hypothesis in proposing that genetic factors inherited by the fetus, at least partly, may contribute to the known association between low birth weight and increased risk of cardiovascular disease and diabetes in adulthood.
